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ABSTRACT

An experimental study on the evaporation of a small water droplet
containing an additive on a heated, polished stainless-steel surface was
performed.  Solutions of water containing 30 % (w/w) and 60 % (w/w) of
potassium acetate and sodium iodide were used in the experiments. Surface
temperatures used in the experiments ranged from 50 °C to 100 °C. The
average evaporation rates for the potassium acetate and sodium iodide
solutions were found to be lower than that of pure water at a given surface
temperature. A simple evaporation model was developed to interpret the
experimental results.

INTRODUCTION

Fine water systems have several advantages over conventional fire
protection sprinklers in cerfain applications when water supply is limited and
collatcral damage by water is a concern. These systems have recently been
considered as a potential replacement for halon fire-protection systems in
shipboard machinery spaces and crew compartments of armored vehicles.
However, below 0 °C water will frecze, thus posing a limitation in low
temperature operations. Certain additives, if selected properly, not only can
suppress the freezing point of water but also can improve its fire suppression
effectiveness. Some water-based agents have recently been proven to be
more effective than pure water when applied in the form of mist to suppress
a small jet fuel pool fire (Finnerty et al., 1996). Among the thirtecn agents
tested, potassium lactate (60% w/w), potassium acctate (60% w/w), and
sodium bromide (10% w/w) were found to be superior as fire-extinguishing
sprays than pure water and other candidate solutions. The suppression
benefit of adding a solute to a water spray was only noted when the spray
was applied directly toward the fire; however, the effect of these additives
on the overall fire suppression effectivencss when the spray is not directed
toward the basc of the fire remains unclear.

When a fine mist is formed in a nozzle, the majority of the droplets are
unlikely to penctrate to the base of the fire because the droplet momentum
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is small enough that they are deflected away by the rising plume (Downic
etal,, 1995). The deflected mist droplets subsequently experience a cooler
environment outside the hot gas plume, thus resulting in slow droplet
cvaporation. Some of the slowly vaporizing droplets will impinge upon the
enclosure surfaces wherein the fire is located, or upon obstacles within the
enclosure. These droplets will eventually be vaporized on the heated
surfaces. Droplets that impinge on these surfaces in the vicinity of the firc
zones can still play many indirect roles in facilitating fire suppression
through (1) surface cooling, thus mitigating flame spread and (2)
entrainment of water vapor from the evaporating droplets into the flame.
Therefore, rapid evaporation of water droplets from the surrounding heated
surfaces may be desirable. The evaporation of water/additive droplets may
not be an important issue if the droplets can penetrate the hot plume and
reach the base of the fire. However, the role of the deflected droplets and
their subsequent evaporation becomes significant if only a small amount of
droplets with significant momentum can penetrate the flame.

White the addition of a solute to water may improve the suppression
cffectivencss within the fire through chemical or physical means, it may also
affect the droplet vaporization and generation processes. The addition of a
solute lowers vapor pressure and the mass transfer driving force for
cvaporation, clevates the boiling point of the solvent, and modifics other
physical propertics of water. Furthermore, the addition of solute decreases
the relative amount of water in a droplet (e.g., 60% w/w potassium lactate
solution). For droplets that fall outside the flame zone, the solid residuals of
the solute are left deposited on the heated surface after the water has been
cvaporated and may not contribute to the chemical suppression process.

The evaporation of suspended droplets containing dissolved solids in
a hot ambience was first studied by Charlesworth and Marshall (1960). The
formation of a solid crust and various appearance changes during the course
of evaporation under &8 wide range of experimental conditions were
observed. Three major evaporation stages were identified: (1) evaporation
before the formation of the solid phase, (2) progressive formation of the
solid phasc about the droplet, and (3) evaporation during the solid phase



formation. Several studies on droplets with dissolved solids have since been
conducted (see e.g., Nesi¢ and Vodnik, 1991; Kudra ef al., 1991; Taniguchi
and Asano, 1994). The formation of dricd solids in a droplet impedes the
cvaporation process of the droplet. Liquid in the interior of the droplet must
reach the surface in order to evaporate. Increasing the amount of solute
increases the resistance to mass transfer inside the droplet, slowing the
movement of moisture out of the droplet (Masters, 1985). However, to the
best of our knowledge, no rescarch has been performed on the evaporation
of a water droplet with a dissolved salt on a heated surface.

The objective of the present work is to examine the evaporation
characteristics of some water-based fire suppressing agents on a heated
surface at temperatures below nucleate boiling. Because of its potentially
superior fire suppression ability and its use in suppressing cooking grease
fires, water with dissolved potassium acetate was used in the experiments.
Sodium iodide was sclected as another additive in lieu of sodium bromide
{recommended by Finnerty ef al., 1996) because it is believed that the iodine
compound may be more effective in fire suppression than its bromine
counterpart (Pitts e/ al., 1990). Previous studics (e.g., diMarzo and Evans,
1989; Chandra and Avedisian, 1991; Qiao and Chandra, 1996) were
focused on relatively large drops (above 1 mm in diameter) of pure solvents
(water or hydrocarbons) or water with a small amount of surfactant added.
For the present work, smaller droplets of highly concentrated clectrolyte
solutions with diameters between 0.3 mm and 0.6 mm (to simulate mist
droplets) were used.

EXPERIMENTAL METHOD

Figure 1 shows a schematic diagram of the experimental apparatus. It
consists of a droplet generator, a solution reservoir, a nickel-plated copper
block equipped with two small cartridge heaters, a stainless steel surface, a
temperature controller, and a CCD camera. The droplet generator has a
chamber, a piczoelectric ceramic disc, and a glass nozzle (Yang et al., 1997)
and is based on the drop-on-demand ink-jet technique. A small droplet is
cjected from the nozzle as a result of the deflection of the piezoclectric
ceramic disc upon application of a squared pulse with controlled amplitude
and duration to the disc. The usc of this droplet generator enables the
production of smaller droplets and repeatable operation. The surface on
which the droplet is vaporized is a § cm x 3 cm x 0.5 cm polished stainless
steel (SS 304) block fastened to the nickel-plated copper block. The 5 cm
x 3 cm x 1.25 cm nickel-plated copper block is used to heat the surface to
the desired temperature {between 50 °C and 100 °C). Surface temperature
is maintained within % | “C by using a temperature controller. The CCD
camera is used to record the cvaporation histories of the droplets. The
evaporation times (see discussion below) of the droplets can be determined
by using frame-by-frame analysis of the video records. The basic
experimental procedure involved triggering the generator to deliver a single
droplet from the nozzle to the heated surface located 6.5 cm below.

Single-shot stroboscopic photography (sec e.g., Chandra and
Avedisian, 1991) was used to record the droplet formation at the nozzle exit
of the droplet generator, droplet diameters before impact, and average
droplet impact velocities. A 35 mm SLR camera equipped with a 105 mm
lens and extended bellows, an clectronic strobe for backlighting, and an
clectronic delay timer were used. The average impact velocity, which was
taken to be the time between the instant when an electronic pulse was sent
to the droplet generator and the instant when the droplet impacted the
surface, was found to be 72 em/s + 2 ecm/s. No shattering of droplets duc
to impact on the surface was observed within the range of surface
temperatures tested. The Weber number (We = p,V?D,/a) of the droplets
was less than 80.
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Figure 1. Schematic diagram of experimental apparatus

Since the mass loss of the evaporating droplet in the present
experiment was not monitored continuously, it was not possible to
determine the time for complete cvaporation of water from the
water/dissolved-solid droplet on the heated surface from the video records
because of subsequent formation of solid residual. Therefore, an apparent
evaporation time of a water droplet with dissolved solid is defined as the
time when the solid residual first appears during cvaporation with the
assumption that the amount of water vaporized before solid formation
constitutes the bulk of the initial water content. Such an assumption
appears to be reasonable for small droplets with D, < 1.3 mm (Charlesworth
and Marshall, 1960). The average water evaporation rate is defined as the
initial amount of water in the droplet divided by the apparent evaporation
time. Knowing the initial solution density, droplet diameter, and solute
concentration, the initial mass of water in the droplet can be determined.

Table 1 summarizes the physical propertics of the aqueous solutions
studied. The surface tensions of the aqueous solutions were determined by
using a tensiometer which measured the force required to withdraw a
platinum-iridium ring from the surface of the liquid. The surface tensions
of sodium iodide solutions are greater than that of distilled water and
increase as the concentration increases. For the potassium acetate solutions,
it is interesting to note that the 30 % w/w and the 60 % w/w have surface
tensions greater than and less than that of pure water, respectively. The
densities of the solutions were taken from Sohnel and Novotny (1985), and
the solution viscosities and normal freezing points were obtained from
Washburn (1929).

RESULTS AND DISCUSSION

Since droplet formation depends on the initial salt concentration, the
resulting initial droplet diameters will differ somewhat. In addition, the
initial mass of water in the droplet decreases as the concentration of the
dissolved salt increases. For the purpose of comparison, it is more
meaningful to plot apparent or average mass evaporation rate than
evaporation time as a function of surface temperature. The experimental
average water mass cvaporation rates at different surface temperatures for
0 %, 30 %, and 60 % potassium acetate and sodium iodide solutions are
shown in Figure 2. The error bars in the figures are the 2-0 (standard
deviation) of at least six runs. The large scatter in some of the experimental
data reflects the difficulty in determining the first appearance of solid



Table 1. Physical properties of the solutions

Fluld Density Viscosity Norma! Surface
@22°C @s'emMx Freezing tenslon
(g cm™) 10° polnt (@22°C)
(g (dyne cm)
+2dynecm™
Distilled 1.00 96 (@ 22 °C) 0 72
water
30% 1.16 228(@ 18°C) -23 73
potassium
acetate ]
60% 134 50.9 (@ 18 °C) —1 68
potassium
acetate
30% sodium 1.29 109 (@ 20 °C) -18 76
lodide
60% sodium 1.80 234(@20°C) —t 78
lodide
Not available from literature

formation. The addition of potassium acctate or sodium iodide to water
decreases the evaporation rate below that of pure water as shown in the
figure. As the concentration of dissolved salt increases, the average
cvaporation rate becomes slower.

Heat and Mass Transfer Analysis
A simple model for predicting the average evaporation rate of a water

droplet containing a dissolved solid on a heated surface is formulated in an
attempt to compare with the experimental observations. The problem
description is as follows. A droplet impinges on the heated surface and
spreads. The spread droplet then evaporates due to heat transfer from the
hcated surface. The droplet evaporation model is based on the following
simplifying description of the process:

1. After impact on the heated surface, the droplet immediately assumes
the shape of a truncated sphere, whose diameter of the contact circle
with the surface is taken to be the maximum spread diameter of the
droplet, as shown in Figure 3.

2. The time for the droplet to attain its maximum spread diameter is
negligible compared to the droplet evaporation time on the heated
surface.

3. The droplet maintains its initial maximum spread diameter during
cvaporation; therefore, only / is a function of time (see Figure 3).

4. The heated surface is treated as an infinite thermal rescrvoir.

Molecular diffusion dominates at the vapor-liquid interface.

6. The instantancous concentration of the dissolved solid in the droplet
is spatially uniform during evaporation, and liquid-vapor phasc
equilibrium is maintained at the droplet surface.

The calculated evaporation time is defined as the time between impact and

when the dissolved solute mole fraction, X,(£), becomes equal to the

solubility of the solute, X, . (£); i.e., a phase transition from dissolved
solute to & solid phase will oceur when X,(1) = X, . (f). Note that the
solubility of the solute is a function of time because the droplet temperature
is changing.

After the droplet has impinged on the surface, its maximum spread
diameter can be estimated by using the following empirical correlation
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Figure 2. Experimental ave}age mass evaporation rates
at different surface temperatures
(Scheller and Bousfield, 1995):
D max 0.166
D = 0.61(Re|/We)" )

o

where the Reynolds number Re is based on the initial droplet diameter
before impact. The assumption of maximum spread is reasonable because
it was observed in this study that during most of the evaporation period the
contact diameter between a water droplet containing a dissolved salt and the
heated surface remained relatively constant. The spread diameter is required
for the calculation of heat transfer from the heated surface to the droplet.
The instantaneous droplet height H of the spherical segment can be
calculated by equating the mass of the initial droplet (before impact) to that
of the truncated sphere.
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Once H is determined, the radius of curvature R . of the truncated sphere
can be obtained by the following equation (Beyer, 1981):

.| 2
H] 3 ©)

The instantancous heat transfer rate from the heated surface to the
droplet is approximated by

kl (Tw -Ta)

) = A
Q= 4—=
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Figure 3. Droplet-geometry for heat and mass transfer analysis

In writing Equation (4), the heat transfer is modeled as a thin right circular
cylinder with a thickness & (see Figure 3) and an equivalent volume equal
to the spherical segment, and the temperature profile within the droplet is
assumed to be lincar (Bonacina et al., 1979). If the heat transferred to the
droplet from the surface is used solely to evaporate the liquid from the

liquid-vapor interface, then an energy balance on the evaporating droplet
can be expressed as

maH, = Q ()

Following the treatment given in Bird ef al.(1960), the instantancous
cvaporation rate can be written as
l - ws N Y\‘-

1 -7,

wr

m o=k A ln (6)

In order to calculate the evaporation rate ni, the value of T, or Y, is
needed. Using Equations (4), (5), and (6), one gets

A ¢ k (T, -T,)
kAl » =)o g > ¢ 7
"/ 1-7, * 8 oH, M

If equilibrium is assumed at the liquid-vapor interface and the vapor phase
is assumed to be an ideal gas mixture, then equating the component
fugacitics in both phases (Prausnitz et al., 1986) results in

P

~ sobution

Yo = =5 ®)
where P, ... is the vapor pressure of the aqueous solution. The reduction
of vapor pressure due to the presence of the dissolved solid can be scen in
Equation (8) since without the dissolved solid, P, , . cqualsto P .,
assuming the solubility of air in water is negligible under atmosphenc
conditions. Knowing the vapor pressure of the solution to be a function of
droplet surface temperature, Equation (7) can be solved for T’ . Once T,
is known, the evaporation rate ni can be calculated by using Equations (4)
and (5).
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Figure 4. Experimental and predicted average evaporation rates
of potassium acetate at various surface temperatures

Since mass transfer cocfficients of spherical droplets are readily
available in the literature, the mass transfer process is treated as if the
truncated droplet were evaporating as a spherical droplet with a radius
cquivalent to the radius of curvature R of the truncated sphere. In this
casc, the mass transfer cocfficient &, can then be estimated by using the
Chilton-Colburn analogy (Bird et al., 1960).

k 2R,

¢ Doy

=2 ©)

Calculations were performed for two different concentrations of
potassium sacctate and sodium iodide solutions (sce the Appendix for
calculation procedure). Figures 4 and 5 compare the predicted and
measurcd average cvaporation rates of the two aqueous solutions at
different surface temperatures. The predicted values were obtained based
on the average initial droplet diameters used in all the experiments with the
same initial dissolved salt concentration. Since most of the estimation
methods for the physical propertics of aqueous electrolyte solutions are
primarily applicable to dilute or moderately concentrated solutions at 25°C,
a certain degree of extrapolation had to be used in the calculations for
concentrated solutions at higher temperatures when no literature values
were available.  The discrepancies between the predictions and
measurements in Figures 4 and 5 may be largely attributed to the estimation
methods. However, the disagreements arc cqually likely due to the
simplified heat and mass transfer models used in the analysis and the time-
averaging of the evaporation rate.

Direct comparison of the results between the two aqueous solutions
with the same initial salt concentration proves to be not straightforward.
The degree of vapor pressure lowering due to the presence of a salt depends
on the ionic strength of the solution. The two aqueous solutions used in the
cxperiments arc not at the same ionic strength despite the same initial mass
fraction of salt in the solutions. Even if solutions with same ionic strength
and same initial droplet diameters were used, the spread of the liquid droplet
after impact would still differ because of different Reynolds and Weber
numbers. This would change the heat and mass transfer processes between
the droplet and the surface. Therefore, it is difficult to interpret the results
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Figure 5. Experimental and predicted average mass evaporation
rates of sodium iodide at various surface temperatures

in Figures 4 and S solely based on the effect of vapor pressure lowering on
the cvaporation rate, although for solutions with the same ionic strength, the
degree of vapor pressure lowering at a given temperature is less for
potassium acetate than for sodium iodide (Washbum, 1929).

The evaporation model described above is rudimentary compared to
those previously developed for pure water evaporation (e.g., DiMarzo and
Evans, 1989; Qiao and Chandra, 1997); however, the model does not
require a priori information (j.e., convective heat transfer correlations or
spread diameter and contact angle measurements) other than initial droplet
diameters, droplet impact velocities, and initial physical properties of the
solutions. Since the heat transfer rates to the droplets were directly or
indirectly measured and used as input in their analysis, it is not surprising
that the models developed by DiMarzo and Evans (1989) and Qiao and
Chandra (1997) correlate the experimental data very well. However, the
present model overpredicts the evaporation fimes of pure water. This is
probably partially due to the simplified heat transfer model and partially due
to the breakdown of Equation (9) in the mass transfer analysis. Since the
mass transfer cocfficient depends on the radius of the curvature in Equation
(9), it will approach zero as R, ~ . As the droplet is evaporating, R_ is
increasing as a result of decreasing H, and the instantancous mass
cvaporation rate is asymptotically approaching zero at later times, thus
resulting in a relatively long droplet evaporation lifetime. If the average
mass evaporalion rate of pure water were calculated based on a final mass
of 20 % (rather than 0 %) water remaining in order to circumvent this
asymptotical behavior, the calculated evaporation rates would correlate well
with the measurements. This situation is not encountered in the calculation
for a droplet with a dissolved sait because the solute concentration reaches
its saturation value before H is significantly reduced.

CONCLUSIONS

Experiments on the evaporation of a small droplet with a dissolved salt
on a heated surface have been performed as part of an assessment of the
performance of water with an additive as a fire suppressant. The surface
temperatures varied from 50 °C to 100 °C. Two salts, potassium acetate
and sodium iodide, were used. The addition of potassium acetate and
sodium iodide decreases the average evaporation rates. At a given surface
temperature, the average mass evaporation rate decreases as the

e o g T

concentration of the dissolved salt increases. A simple evaporation model
was developed. Despite the assumptions, idealization, and the uncertainties
associated with the thermophysical property estimations of the concentrated
clectrolyte solutions, this simple analysis capturcs most of the essential
characteristics of the evaporation process of a droplet with a dissolved solid
on a heated surfacc and agrees qualitatively with the trend of the
experimental data,

Several issucs regarding the application of dissolved salts in water in
fire suppression should be carefully considered. If the aqueous solution
droplets penetrate the fire plume and reach the fire, the chemical
suppression action of the salt could be fully utilized, and the reduction in
water evaporation rate due to the added salt would not be a goveming
factor. On the other hand, if most of the droplets were deflected away from
the firc, the chemical suppression effectiveness of the salt would be
minimized or lost, and the reduction in water evaporation rate would impose
an additional penalty because for a given time less water vapor would be
generated and entrained into the adjacent fire for suppression.
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NOMENCLATURE
A, = contact surface area of the truncated sphere = nD, Y4, cm®
A, = droplet frec surface arca = 2nR H, cm’
¢ = vapor concentration, mole/cm’
D.,... = maximum spread diameter of the droplet after impact, cm
D, = initial droplet diameter (before impact), cm
D, = diffusion coefTicient of water vapor in air, cm®/s
H = height of the truncated sphere, cm
aH, = latent heat of vaporization of water, J/mole
&, = thermal conductivity of the liquid, J/em s K
. = mass transfer coefficient, mole/ s cm?
ni = mass transfer rate, mole/s
P = pressure, dyne/cm?
Q = heat transfer rate, J/s
R, = radius of curvature of the truncated sphere, cm
Re = Reynolds number = p,D, ¥/,
T = temperature, K
T, = temperature of the heated surface, K
V = impact velocity of the droplet, cm/s
We = Weber number = (p,V’D /o)
X = mole fraction in the liquid phase
Y = mole fraction in the vapor phase
8 = equivalent heat conduction distance, cm
u = viscosity, g/cm s
p = density, g/em’
o = surface tension of the liquid, dyne/em
AT = time step, §

Subscripts

d = dissolved solid

/= at film temperature {= (T, + T_)/2] or at film mole fraction
[ =(1.,+Y.)2]



{ = lhquid phase

o = initial

s = droplet surface

1 = total

sat = saturation

w = water or heated surface
= = ambience
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APPENDIX

This appendix describes the procedure to calculate the evaporation time
and the average evaporation rate of a droplet with dissolved solid on a
heated surface. Forgiven D, V, |, 0, and at, the following computational
scheme may be used:

Calculate D,,,, using Equation (1).

Solve for A and RC using Equations (2) and (3) respectively.

Calculate kusing X, and (T + 7 )/2.

Calculate ¢, and ij using (T, + T_)/2.

Calculate £ using Equation (9).

Calculate 7‘:‘ using Equations (7) and (8) by iteration.

Calculate ni using Equation (5).

Calculate the amount of water evaporated (am) during 4T which

is cqual to i aT.

Calculate new X and X ;.

10. If X, = X, . then stop; elsc calculate p, go to Step 2 to
recalculate f and R knowing that am has been evaporated over

a period of aT, and repeat Steps 3 to 10.

The calculated evaporation time is then the sum of at’s required to
reach X 4.5ar» Bnd the average cvaporation rate is the ratio of the difference
between the initial water content and the final water content at Xd_m to the
total ats. A time-step aT 0f 0.1 s was found to be adequate and was used
in all the calculations.

The method of Riedel (Horvath, 1985) is used to estimate the thermal
conductivity of the solution. The solution density is estimated by the
method of Koptev (Horvath, 1985), and the data on Xd,m! arc obtained
from Dean (1979). The latent heat of vaporization of water as a function
of temperature is obtained from Daubert and Danner (1992). Strictly
speaking, the latent heat of vaponization of the solution should be used. The
vapor pressures of the aqueous solutions are calculated by the method of
Cisternas and Lam (1989, 1991). The diffusion coefficient of water vapor
in air is estimated by using the method of Fuller ef al. (Reid ef al., 1987),
and the vapor concentration ¢, is calculated by assuming the vapor mixture
(at film temperature T[ and {7) to be ideal.
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